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Objective: ToinvestigatefunctionallyimportanttranscriptsinsinglehumanoocyteswiththeuseofNanoStringtechnologyanddeter-
mine whether observed differences are biologically meaningful.
Design: Analysis of human oocytes with the use of NanoString and immunoblotting.
Setting: University-afﬁliated reproductive medicine unit.
Patients: Women undergoing in vitro fertilization.
Intervention: Human oocytes were analyzed with the use of NanoString or immunoblotting.
Main Outcome Measures: The abundance of transcripts for ten functionally important genes—AURKA, AURKC, BUB1, BUB1B
(encoding BubR1), CDK1, CHEK1, FYN, MOS, MAP2K1, and WEE2—and six functionally dispensable genes were analyzed with the
use of NanoString. BubR1 protein levels in oocytes from younger and older women were compared with the use of immunoblotting.
Result(s): All ten functional genes but none of the six dispensable genes were detectable with the use of NanoString in single oocytes.
There was 3- to 5-fold variation in BUB1, BUB1B, and CDK1 transcript abundance among individual oocytes from a single patient.
Transcripts for these three genes—all players within the spindle assembly checkpoint surveillance mechanism for preventing
aneuploidy—were reduced in the same oocyte from an older patient. Mean BUB1B transcripts were reduced by 1.5-fold with aging
and associated with marked reductions in BubR1 protein levels.
Conclusion(s): The abundance of functionally important transcripts exhibit marked oocyte-to-oocyte heterogeneity to a degree that is
sufﬁcienttoaffectproteinexpression.Observedvariationsintranscriptabundancearetherefore
likely to be biologically meaningful, especially if multiple genes within the same pathway are
simultaneously affected. (Fertil Steril 2014;101:857–64. 2014 by American Society for
Reproductive Medicine.)
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O
ocytes provide the over-
whelming majority of cyto-
plasmic building blocks for
early embryogenesis. Consequently, a
major determinant of pregnancy suc-
cess is oocyte quality. Yet surprisingly
little is known about its important mo-
lecular determinants. In large part, this
stems from the extreme paucity of
human oocytes available for research,
making approaches capable of single-
oocyte analysis especially appealing.
Many studies have now examined
geneexpressionatthemRNAlevelinhu-
man oocytes (1–5). Moreover, by
incorporating an ampliﬁcation stage,
analyses have been extended to single
human oocytes (6, 7) a n de v e ns i n g l e
polar bodies (8). Notably, however, the
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Open access under CC BY license.  functions of the overwhelming majority of genes reported in
those studies have not previously been examined speciﬁcally
in oocytes but are instead inferred from their roles in mitotic
(somatic) cells. Furthermore, it is not known whether the
differences observed in mRNA abundance between distinct
groups of patients, such as older versus younger, have any
meaningful impact on protein abundance, the downstream
mediator of gene function. Nor has it been explored how
deregulated transcripts within the same oocyte might relate to
one another, for example, by acting within a common
regulatory pathway.
The NanoString nCounter system is a new technology for
digitally estimating mRNA abundance with the use of unique
color-coded probes (9). NanoString is more sensitive than
microarrays and of similar sensitivity to qPCR (9) and is
now used to validate microarrays (10) and next-generation
sequencing technology (11). NanoString has not previously
been applied to human oocytes.
Herein, we used NanoString technology to analyze
functionally important genes in single human oocytes. We
identify striking ‘‘in-patient’’ oocyte-to-oocyte heterogeneity
in key genes. Moreover, the extent of variation observed for
one such gene, BUB1B, is associated with marked reductions
in total oocyte levels of the encoded BubR1 protein. Interest-
ingly, transcripts for BUB1 and CDK1 were also found to be
reduced along with BUB1B within the same oocyte. Given
that all three genes are pivotal players within the spindle
assembly checkpoint (SAC) signaling pathway for ensuring
accurate chromosome segregation, the potential disruptive
consequences could be exponentially greater.
MATERIALS AND METHODS
Source of Human Oocytes and Ethical Approval
Human oocytes were obtained from women undergoing
in vitro fertilization (IVF; with or without intracytoplasmic
sperm injection) at the IVF Unit at University College London
Hospitals. Written patient consent was obtained after ethical
approval was received from the National Research Ethics Ser-
vice Committee London (REC reference 11/LO/1360). All
women were <40 years old, had a body mass index (BMI)
<30 kg/m
2, were nonsmokers, and met eligibility criteria
for National Health Service–funded treatment. Procedures
used for IVF have been described previously (12).
Oocytes used for nCounter analyses were obtained from
14 women (age-range 30–39 years). Oocytes for immunoblot-
ting were obtained from 12 women, ﬁve who were <32 years
(‘‘young’’) and seven who were >37 years (‘‘older’’).
Human Oocyte Samples
Two nCounter assays involving a total of 39 oocytes were
undertaken. Each assay has the capacity for simultaneously
analyzing 12 samples.
One assay analyzed triplicate samples of ﬁve and three
pooled human oocytes at the metaphase II (MII)–arrested
stage (5- and 3-oocyte samples), quadruplicate samples of
single MII-stage oocytes (single-oocyte samples) and dupli-
cate samples of single oocytes at the germinal vesicle (or
GV) stage (Supplemental Table 1; Supplemental Tables 1-3
are available online at www.fertstert.org). Two of the 5-
oocyte samples were derived from one patient each, whereas
the third sample was composed of oocytes pooled from two
patients. The 3-oocyte samples were derived from one patient
each. Two of the single-oocyte samples were from the same
patient, whereas the other two were from two different pa-
tients. Both GV-stage oocytes were from the same patient.
The other NanoString assay included triplicate single-
oocyte samples from each of two patients, triplicate samples
in which no oocytes were added but were of otherwise
identical volume and chemical composition (termed ‘‘empty’’
samples), and three oocytes from a single patient that were
lysed together in one larger-volume sample before being
divided into three equal volumes (termed ‘‘one-third’’
samples) (Supplemental Table 2; Supplemental Tables 1–3
are available online at www.fertstert.org). These one-third
samples function as an indicator of any potential assay to
assay variability, which is not normalized away by the
positive control normalization (see later); differences in
results likely reﬂect sample pipetting inaccuracies.
Oocytes used for immunoblotting were all atthe MII stage.
GV-stage oocytes were obtained 40 h after hCG admin-
istration. MII-stage oocytes comprised failed-to-fertilize
oocytes, the determination of which was made 18–20 h after
insemination. Cumulus-free oocytes were washed free of
culture medium with the use of 1% polyvinyl pyrolidone
(Sigma)andlysedeitherinRLTbuffer(Qiagen)tomakeaﬁnal
sample volume of 5 mL for NanoString analyses or in LDS
sample buffer (Nupage; Invitrogen) in pools of ten for immu-
noblotting. Lysates were snap-frozen at 80C.
NanoString nCounter Analyses
The nCounter assay (NanoString Technologies) involves
hybridizing target sequences in the sample by complemen-
tary base pairing to a pair of gene-speciﬁc probes. Each
probe pair is composed of a reporter probe (bearing a
unique color barcode derived from a speciﬁcc o n ﬁguration
of four possible colours at six positions) and a biotinylated
capture probe so that hybridization results in the production
of tripartite probe-target complexes in solution. We used an
off-the-shelf Codeset, the nCounter GX Human Kinase
Panel (NanoString Technologies), containing probe pairs
directed against 528 human kinase-encoding genes and 8
reference genes (identiﬁed by bold italics in Supplemental
Tables 1 and 2). Hybridizations were carried out according
to the NanoString Gene Expression Assay manual. Each
5-mL oocyte sample in RLT buffer was mixed directly with
10 mL nCounter reporter probes, 5 mLn C o u n t e rc a p t u r e
probes, and 10 mL hybridization buffer for a total reaction
volume of 30 mL. The hybridizations were incubated at
65C for 16–20 h.
Following hybridization, a custom liquid-handling
robot, the nCounter Prep Station, was used to remove
excess probes by afﬁnity puriﬁcation. The tripartite com-
plexes were then bound via their biotinylated capture
probes to the streptavidin-coated surface of a sample car-
tridge, electrophoresed to elongate and align the complexes,
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end-product at this stage is a series of immobilized mRNA
transcripts derived from the sample, each tagged with a
speciﬁc color barcode corresponding to a particular gene
transcript. Subsequently, the cartridges were placed in the
nCounter Digital Analyzer for fully automated imaging
and data collection. The expression level of a gene was
determined by counting the number of times its speciﬁc
barcode was detected.
Positive control normalized nCounter data are normal-
ized to the average of the counts of a titrated series of six
synthetic RNA transcripts that are spiked into every hybrid-
ization reaction. Normalization to these internal positive
control samples, which are provided with the assay reagents,
account for slight differences in assay efﬁciency (hybridiza-
tion, puriﬁcation, binding, etc.). Concentrations of the con-
trol transcripts range from 0.125 fM to 128 fM. In a typical
nCounter assay, a second normalization to the expression of
appropriate reference (or ‘‘housekeeping’’) genes to control
for sample input can also be performed. We focused our an-
alyses on positive control normalized data because we added
deﬁned numbers of oocytes directly to the assay without
RNA puriﬁcation, thereby reducing the likelihood of any
meaningful variation in sample input. Positive control
normalized data from both assays are presented for all genes
in the GX Human Kinase Panel in Supplemental Tables 1
and 2. As described in greater detail later, this paper focused
on a subset of ten genes extracted from the Kinase Panel
that were previously shown to be functionally important
speciﬁcally within the context of oocytes and seven func-
tionally dispensable genes.
Criteria for Detection with the Use of NanoString
NanoString incorporates eight spiked-in negative control
probe sets that have no corresponding targets within the
sample and give a readout of background noise in the sys-
tem. By convention, a gene is considered to be detected if
its absolute count is higher than 2 standard deviations
above the mean count of the spiked-in negative control
samples (10). The detection threshold was calculated to be
23 in both of the assays undertaken in the present study.
We further considered that for detection the gene should
be above this threshold level in at least one sample from
every patient.
Immunoblotting
Immunoblotting was performed as detailed previously
(13–16). In short, proteins were resolved on 4%–12%
Bis-Tris gels (Nupage; Invitrogen) before being transferred
to polyvinylidene diﬂuoride membranes (Millipore).
Membranes were blocked for 1 h at room temperature (RT)
in 3% bovine serum albumin (BSA; Sigma) before probing
with a sheep polyclonal anti-BubR1 primary antibody (a
kind gift from Professor Stephen Taylor, University of Man-
chester) overnight at 4C, followed by an horseradish perox-
idase–conjugated antisheep secondary antibody (Sigma) for
1 h at RT. Actin (Millipore) was used as a loading control.
Detection was performed with the use of ECL Plus (GE
Healthcare) ,and images were captured with the use of a
Chemidoc XRS Imaging System (Bio-Rad).
Determination of Gene Functionality
We reasoned that those genes shown to be functionally
important in oocytes would be most informative regarding
oocyte quality.
CDK1 (for cyclin-dependent kinase 1) (17) and MOS (a
MAP kinase kinase kinase [or MAP3K] acting in a pathway
with MAP2K1) (18) are ﬁrmly established as universal and
well conserved regulators of mammalian oocyte maturation
and were obvious genes of interest. We identiﬁed seven addi-
tional genes from the Human Kinase Panel that have been
found to be important in mouse oocytes with the use of
gene-targeting strategies (Supplemental Table 3). These seven
genes included Aurora kinase A (AURKA) (19, 20), Aurora
kinase C (AURKC) (21, 22), BUB1 (23–25), BUB1B (15, 26,
27), CHEK1 (28, 29), FYN (30, 31), and WEE2 (or WEE1B)
(32, 33). Importantly, all of these genes are expressed in
human oocytes (1, 3, 5). Moreover, both AURKC (34) and
FYN (35) have also recently been studied at the protein level
in human oocytes.
We also identiﬁed six genes from the Human Kinase
Panel which, in contrast to the above functionally important
genes, have been shown to be functionally dispensable in
oocytes. Unlike the oocyte-speciﬁc WEE2 (32), there is a
distinct mitotic form known as WEE1 that is important in
somatic cells but dispensable in oocytes (33). In stark contrast
to CDK1, other CDKs, such as CDK2, CDK3, CDK4, and CDK6,
are dispensable for oocyte maturation (36). Unlike MOS,
another MAP3K, RAF1, does not play an important role in
the MAPK cascade in oocytes (37).
In summary therefore, we focused on ten functionally
important genes—AURKA, AURKC, BUB1, BUB1B, CDK1,
CHEK1, FYN, MAP2K1, MOS, and WEE2—and six function-
ally dispensable genes—CDK2, CDK3, CDK4, CDK6, RAF1,
and WEE1.
Statistical Analyses
Statistical analyses were performed with the use of Graphpad
Instat software. A P value of <.05 with the use of the Student
t test was considered to be statistically signiﬁcant.
RESULTS
Detection of Multiple Transcripts in Single Human
Oocytes with the Use of NanoString
We found that transcripts for all ten functionally important
genes were detectable (Table 1). AURKA, BUB1B, CHEK1,
FYN, MAP2K1, MOS, and WEE2 were detected in all ten
MII-stage single-oocyte samples, AURKC and CDK1 were
detectable in nine of them, and BUB1 in eight (Table 1). Over-
all, therefore, 96 out of 100 reads exceeded the detection
threshold (Table 1).
We compared counts for the single-oocyte samples with
those for the 5-oocyte and 3-oocyte samples and found that
counts increasedinrelationto sampleinput forthefunctional
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WEE2, MAP2K1, and AURKA, the three kinases with the
highest counts, revealed a very high degree of correlation
(R > 0.96) between counts and sample input (Fig. 1).
In marked contrast to the ten functional genes, none of
the six dispensable genes—CDK2, CDK3, CDK4, CDK6,
RAF1, and WEE1—crossed the detection threshold in any of
the single-oocyte samples (Table 1). Furthermore, counts for
these six genes were similar to those found in empty samples
(Table 1) and remained undetectable in the 3- and 5-oocyte
samples (Supplemental Table 1).
Transcript abundance declines between the GV and MII
stages in both mouse (38) and human (3, 39) oocytes.
Entirely consistent with this, we found that transcript
abundance for eight of the ten functional genes was
signiﬁcantly higher at the GV stage than at the MII stage,
whereas all functionally dispensable genes remained
undetectable at all stages (Table 1).
Variation in Transcript Abundance among
Individual Oocytes and Genes
Weanalyzedthecountsof3oocytesweobtainedfromeachof
two patients (patients 4 and 5; Table 1). Counts for the 10-
gene panel were on average higher in oocytes from patient
4 than in those from patient 5 (Table 2). Along with overall
higher counts for oocytes from patient 4, there was also
more oocyte-to-oocyte consistency, with no transcript exhib-
iting >1.5-fold difference in abundance from one oocyte to
the next (range 1.1–1.4-fold; Table 2). In stark contrast,
among oocytes from patient 5, counts for three genes
(BUB1, BUB1B, and CDK1) exhibited 3- to 5-fold differences,
and MOS varied by more than 2-fold (Table 2).
The marked variation in transcript abundance for patient
5 but not for patient 4 pointed to patient-speciﬁc variation
rather than inherent test instability. To examine this further,
we investigated ‘‘one-third’’ samples (three oocytes from a
third patient, patient 6, lysed together and divided into three
equal volumes), which were run on the same assay as oocytes
frompatients4and5(SupplementalTable2).Meantranscript
abundance for more than one-half of the genes in oocytes
from patient 6 were higher than those from either patient 4
or patient 5, again reafﬁrming interpatient differences
(Table 2). Notably, however, none of the genes in the
one-third samples showed >1.5-fold difference in counts
(Table 2), conﬁrming that patient 5’s oocyte-to-oocyte
variability did not reﬂect inherent assay properties.
We found wide variation in transcript abundance from
one gene to the next within individual oocytes. Thus, at the
high-abundance end of the spectrum was WEE2, with counts
ranging from 1,474 to 2,124, roughly 6-fold higher than the
next most abundant kinase. In contrast, at the low end of
the range were genes such as BUB1 with counts from 13 to
52, roughly 50- to 100-fold lower than WEE2.
Age-Related Changes in BubR1 Protein Levels
We observed a 1.5-fold reduction in mean BUB1B transcript
levels between a 39-year-old (patient 5) and a 31 year-old
(patient 4; Table 2). This is similar to the 1.42-fold reduction
observed previously between <32-year-olds and >40-year-
oldswiththeuseofmicroarrays(40).Weinvestigatedwhether
these changes in transcript abundance corresponded with
discernible changes in cognate protein levels by immunoblot-
ting ten oocytes from women %32 years old alongside ten
oocytes from women >37 years old. We found that the
BubR1 signal in the older age group was markedly reduced
compared with the younger age group, whereas the signal
for the actin loading control was indistinguishable (Fig. 2).
Thus, a1.5-fold transcript decline isassociated withmarked
reduction in protein expression.
TABLE 1
nCounter counts for single-oocyte samples.
1
a 23 4 5
Empty Empty Empty GV GV P
b MII MII MII MII MII MII MII MII MII MII
AURKA 295 309 328 276 328 378 391 254 357 240 1 2 0 475 484 .0004
AURKC 32 24 33 65 44 42 43 23
c 36 32 1 2 1 35 57 .6416
BUB1 37 34 28 31 32 30 29 13
c 52 18
c 0 2 1 69 64 .0006
BUB1B 133 132 101 118 156 140 130 86 153 48 2 1 0 217 259 .0025
CDK1 58 80 65 56 92 64 83 46 111 23
c 0 0 2 168 160 .0003
CHEK1 83 107 102 107 86 100 96 53 87 61 0 0 0 117 142 .0633
FYN 75 93 72 81 100 72 81 57 97 52 0 0 2 126 190 .0193
MAP2K1 295 282 231 325 243 291 268 188 275 214 1 1 0 460 449 .0044
MOS 46 69 71 105 81 93 82 36 63 28 1 1 4 171 220 .0066
WEE2 1,758 1,639 1,620 1,911 1,975 1,963 2,124 1,474 1,821 1,372 2 0 0 2,645 2,662 .0008
CDK2 3 2 2 1 2 1 0220 000 4 4
CDK3 0 3 2 2 0 0 0010 000 1 2
CDK4 4 3 3 5 2 3 3222 120 6 6
CDK6 3 3 0 1 1 2 0101 221 1 3
RAF1 1 0 1 1 0 0 1100 000 2 1
WEE1 1 0 1 1 1 0 0010 011 2 8
a Numbers above columns identify different patients.
b P values refer to statistical comparisons between counts in GV-stage (GV) oocytes and counts in MII-stage (MII) oocytes.
c Reads that do not exceed the detection threshold of 23.
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We used NanoString to investigate, for the ﬁrst time, human
oocytes and found that we could detect a panel of ten func-
tionally important genes in a single oocyte. This capability
was validated by data showing that counts were inextricably
linked with gene functionality (dispensable genes were uni-
formly undetectable), that counts correlated very strongly
withoocytenumbers,andthatcountsdemonstratedpredicted
changes regarding maturation stage. We also note that mean
AURKA, BUB1B, and CHEK1 counts were, respectively, 1.3-,
1.5-, and 1.4-fold lower for patient 5 (39 years old) than for
patient 4 (31 years old; Table 2) and that previous microarray
data showed 1.72-, 1.42-, and 1.35-fold decreases, respec-
tively, in these same transcripts between pooled oocytes
from young women (aged <32 years) and older women
(aged >40 years) (40). Therefore, although age-related
changes in transcript abundance was not a primary aim of
our study, it is nevertheless noteworthy that age-related
changesincountsweobservedhereareverysimilarinmagni-
tude to those reported previously for microarrays (40),
providing further validation for NanoString.
Strikingly, there was marked variation in transcript
abundance for key genes among oocytes from a given indi-
vidual. This new ﬁnding is distinct from the variations in
global gene expression proﬁles recently reported for individ-
ual oocytes from different patients (7). Also interesting was
the wide variation in relative transcript abundance within a
single oocyte. Genes such as BUB1 and AURKC are at one
extreme with counts per oocyte generally less than 50
whereas at the other extreme are genes such as WEE2 with
counts well above 1,000.
We wanted to determinewhether theobserved changes in
transcript abundance might be signiﬁcant enough to affect
gene function. We elected to examine BUB1B because previ-
ous microarray data for both humans (40) and mice (41),
along with the present NanoString results, indicated that
oocyte BUB1B transcripts consistently decline with age by
around 1.5-fold. We examined whether this degree of change
in BUB1B affected BubR1 protein levels by immunoblotting
oocytes from younger and older patients, and we found
marked reductions in BubR1 levels in older oocytes (Fig. 2).
This is highly signiﬁcant, because we and others previously
found that even modest reductions in BubR1 levels can
severelycompromiseBubR1functionandaffectoocytematu-
ration (15, 27). Interestingly, chromosome misalignment (42,
43) and missegregation (44) are prominent features of both
aged human oocytes and BubR1-depleted mouse oocytes
(15, 26, 27), suggesting that compromised BubR1 function
could be an important contributor to poor oocyte quality.
Given that 1.5-fold transcript reduction affected protein
expression, it is very possible that the 3- to 5-fold oocyte-
to-oocyte variation in transcript abundance that we observed
couldhavesigniﬁcantimplicationsforthefunctionofawider
range of genes. The defect incurred could be even greater still,
becauseBUB1B,BUB1,andCDK1transcriptsallexhibitedre-
ductions within the same oocyte. Because all three are key
components of the SAC pathway, which is critical for pre-
venting aneuploidy (15, 23–27), the cumulative effect could
severely disrupt chromosome segregation ﬁdelity in that
oocyte.
The present report focusedspeciﬁcally on genes thathave
been shown to be functional in the mouse oocyte model
(Supplemental Table 3). Although we acknowledge that the
functionality of most of these genes has not been corrobo-
rateddirectlyinhumanoocytes,itmustalsobeacknowledged
that this is impossible to achieve with the same level of rigor
as can be achieved with mouse oocytes owing to the extreme
dearth of biological material. Signiﬁcantly however, all of the
ten genes studied have been shown to be expressed in human
oocytes, and for some genes, such as AURKC and FYN, more
direct parallels have been drawn between mouse and human
oocytes (34, 35). Added to this, there is robust evidence that
FIGURE 1
Correlation between counts for (A) WEE2, (B) MAP2K1, and (C)
AURKA and numbers of oocytes. R was used to calculate the
Pearson correlation coefﬁcient.
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modulating CDK1 activity through WEE1 kinases (45) is
conserved between mouse and human oocytes (46).
Other emerging data further underscore the relevance of
the mouse model to understanding human oocyte regulation.
Thus, like women, female mice exhibit age-related fertility
decline linked to oocyte-derived aneuploidy and compro-
mised integrity of the molecular chromosomal ‘‘glue’’ known
as cohesin (47, 48). Other examples common to mouse and
human oocytes include the deacetylation of chromatin-
associated histones during maturation which is also vulner-
able to aging (49, 50) and the age-related accumulation of
oocyte DNA damage (51). Mouse and human oocytes also
show striking parallels regarding the proﬁle of transcripts
that become deregulated with age. In both sets of oocytes,
BUB1B and CHEK1 transcripts decline by similar magnitudes
(40, 41). Other examples of overlap include DNA repair genes,
such as BRCA1 (51), as well as the p53 family member TAp73
(52), which interestingly, has been shown to be an upstream
regulator of BubR1 in oocytes critical for female fertility
(53, 54).
Ethical considerations restricted us to using MII-stage
oocytes that had failed to fertilize. Although such oocytes
might not be considered to be representative of oocytes
that support fertilization, it does not detract from our ﬁnd-
ings that NanoString can proﬁle multiple transcripts in a
single human oocyte or that observed variations in tran-
script abundance are likely to be biologically meaningful.
It is important to note that the oocyte-to-oocyte heterogene-
ity we identiﬁed here pertains to a very uniform cohort of
oocytes: All failed to fertilize, all were derived from a single
patient and were therefore ‘‘internally’’ controlled regarding
their genetic and infertility background, and all were sub-
jected to identical culture conditions and sample prepara-
tion. This heterogeneity does not reﬂect inherent test
instability either, because it was not evident for all patients
and, importantly, it was not observed in the one-third sam-
ples. Based on these considerations, one might predict even
greater differences if comparisons were to be made between
the failed-to-fertilize cohort and oocytes that undergo fertil-
ization. Such differences, if indeed more marked, could be
clinically helpful for selecting the most developmentally
competent oocytes.
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FIGURE 2
Immunoblot of BubR1 and Actin in lysates of oocytes from young
(<32 years) and older (>37 years) women.
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TABLE 2
Inter- and intrapatient variation in nCounter counts.
Single-oocyte samples
Ratio of means
One-third samples
Patient 4 (31 y) Patient 5 (39 y) Patient 6
Mean
a Fold change
b Mean
a Fold change
b Mean
a Fold change
b
AURKA 366 1.2 284 1.5 1.3 450 1.1
AURKC 43 1.1 30 1.6 1.4 73 1.5
BUB1 30 1.1 28 4.0 1.1 42 1.2
BUB1B 142 1.2 96 3.2 1.5 177 1.5
CDK1 79 1.4 60 4.9 1.3 118 1.3
CHEK1 94 1.2 67 1.7 1.4 105 1.1
FYN 84 1.4 69 1.9 1.2 130 1.3
MAP2K1 267 1.2 226 1.5 1.2 348 1.1
MOS 86 1.1 42 2.3 2.0 136 1.5
WEE2 2,020 1.1 1,556 1.3 1.3 2,188 1.1
a Mean of counts from the three samples analyzed per patient (see Table 1).
b Fold change between maximum and minimum counts obtained for each patient (see Table 1).
Riris. Biomarkers of human oocyte quality. Fertil Steril 2014.
862 VOL. 101 NO. 3 / MARCH 2014
ORIGINAL ARTICLE: REPRODUCTIVE SCIENCEREFERENCES
1. Virant-Klun I, Knez K, Tomazevic T, Skutella T. Gene expression proﬁling of
human oocytes developed and matured in vivo or in vitro. Biomed Res Int
2013;2013:879489.
2. Steuerwald N, Cohen J, Herrera RJ, Sandalinas M, Brenner CA. Association
between spindle assembly checkpoint expression and maternal age in hu-
man oocytes. Mol Hum Reprod 2001;7:49–55.
3. Assou S, Anahory T, Pantesco V, le Carrour T, Pellestor F, Klein B, et al. The
human cumulus—oocyte complex gene-expression proﬁle. Hum Reprod
2006;21:1705–19.
4. Bermudez MG, Wells D, Malter H, Munne S, Cohen J, Steuerwald NM.
Expression proﬁles of individual human oocytes using microarray technol-
ogy. Reprod Biomed Online 2004;8:325–37.
5. Kocabas AM, Crosby J, Ross PJ, Otu HH, Beyhan Z, Can H, et al. The
transcriptome of human oocytes. Proc Natl Acad Sci U S A 2006;103:
14027–32.
6. Gr€ ondahl ML, Yding Andersen C, Bogstad J, Nielsen FC, Meinertz H,
Borup R. Gene expression proﬁles of single human mature oocytes in rela-
tion to age. Hum Reprod 2010;25:957–68.
7. Shaw L, Sneddon SF, Zeef L, Kimber SJ, Brison DR. Global gene expression
proﬁling of individual human oocytes and embryos demonstrates heteroge-
neity in early development. PLoS One 2013;8:e64192.
8. Reich A, Klatsky P, Carson S, Wessel G. The transcriptome of a human polar
body accurately reﬂects its sibling oocyte. J Biol Chem 2011;286:40743–9.
9. Geiss GK, Bumgarner RE, Birditt B, Dahl T, Dowidar N, Dunaway DL, et al.
Directmultiplexedmeasurementofgeneexpressionwith color-codedprobe
pairs. Nat Biotechnol 2008;26:317–25.
10. Chan C, Virtanen C, Winegarden NA, Colgan TJ, Brown TJ, Greenblatt EM.
Discovery ofbiomarkers ofendometrial receptivity through aminimally inva-
siveapproach: a validation study with implications for assisted reproduction.
Fertil Steril 2013;100:810–7.
11. Sun Z, Asmann YW, Kalari KR, Bot B, Eckel-Passow JE, Baker TR, et al. Inte-
grated analysis of gene expression, CpG island methylation, and gene copy
numberinbreastcancercellsbydeepsequencing.PLoSOne2011;6:e17490.
12. SpeyerBE,Pizzey AR,Ranieri M,JoshiR,Delhanty JD,SerhalP.Fall inimplan-
tation rates following ICSI with sperm with high DNA fragmentation. Hum
Reprod 2010;25:1609–18.
13. Gui L, Homer H. Spindle assembly checkpoint signalling is uncoupled
from chromosomal position in mouse oocytes. Development 2012;139:
1941–6.
14. Gui L, Homer H. Hec1-dependent cyclin B2 stabilization regulates the
G2-M transition and early prometaphase in mouse oocytes. Dev Cell
2013;25:43–54.
15. HomerH,GuiL,CarrollJ.Aspindleassemblycheckpointprotein functionsin
prophase I arrest and prometaphase progression. Science 2009;326:991–4.
16. HomerH.Evaluatingspindleassemblycheckpointcompetenceinmouseoo-
cytes using immunoblotting. Methods Mol Biol 2011;782:33–45.
17. Doree M, Hunt T. From Cdc2 to Cdk1: when did the cell cycle kinase join its
cyclin partner? J Cell Sci 2002;115:2461–4.
18. Dupre A, Haccard O, Jessus C. Mos in the oocyte: how to use MAPK inde-
pendently of growth factors and transcription to control meiotic divisions.
J Signal Transduct 2011;2011:350412.
19. Ding J, Swain JE, Smith GD. Aurora kinase-A regulates microtubule orga-
nizing center (MTOC) localization, chromosome dynamics, and histone-H3
phosphorylation in mouse oocytes. Mol Reprod Dev 2011;78:80–90.
20. SaskovaA,SolcP,BaranV,KubelkaM,SchultzRM,MotlikJ.AurorakinaseA
controlsmeiosis I progression in mouseoocytes.Cell Cycle 2008;7:2368–76.
21. Schindler K,DavydenkoO,Fram B,LampsonMA, Schultz RM.Maternally re-
cruited aurora C kinase is more stable than aurora B to support mouse
oocyte maturation and early development. Proc Natl Acad Sci U S A 2012;
109:E2215–22.
22. Yang KT, Li SK, Chang CC, Tang CJ, Lin YN, Lee SC, et al. Aurora-C kinase
deﬁciencycausescytokinesisfailureinmeiosisIandproductionoflargepoly-
ploid oocytes in mice. Mol Biol Cell 2010;21:2371–83.
23. LelandS,Nagarajan P,PolyzosA,ThomasS,SamaanG,DonnellR,etal.Het-
erozygosity foraBub1mutation causesfemale-speciﬁcgerm cellaneuploidy
in mice. Proc Natl Acad Sci U S A 2009;106:12776–81.
24. McGuinness BE, Anger M, Kouznetsova A, Gil-Bernab  e AM, Helmhart W,
Kudo NR, et al. Regulation of APC/C activity in oocytes by a Bub1-
dependent spindle assembly checkpoint. Curr Biol 2009;19:369–80.
25. Yin S, Wang Q, Liu JH, Ai JS, Liang CG, Hou Y, et al. Bub1 prevents chromo-
some misalignment and precocious anaphase during mouse oocyte meiosis.
Cell Cycle 2006;5:2130–7.
26. BakerD,JeganathanK,CameronJ,ThompsonM,JunejaS,KopeckaA,etal.
BubR1 insufﬁciency causes early onset of aging-associated phenotypes and
infertility in mice. Nat Genet 2004;36:744–9.
27. Wei L, Liang XW, Zhang QH, Li M, Yuan J, Li S, et al. BubR1 is a spindle as-
sembly checkpoint protein regulating meiotic cell cycle progression of
mouse oocyte. Cell Cycle 2010;9:1112–21.
28. Chen L, Chao SB, Wang ZB, Qi ST, Zhu XL, Yang SW, et al. Checkpoint ki-
nase 1 is essential for meiotic cell cycle regulation in mouse oocytes. Cell Cy-
cle 2012;11:1948–55.
29. Marangos P, Carroll J. Oocytes progress beyond prophase in the presence of
DNA damage. Curr Biol 2012;22:989–94.
30. Levi M,Maro B, Shalgi R.Fyn kinaseis involved incleavagefurrow ingression
during meiosis and mitosis. Reproduction 2010;140:827–34.
31. McGinnis LK, Kinsey WH, Albertini DF. Functions of Fyn kinase in the
completion of meiosis in mouse oocytes. Dev Biol 2009;327:280–7.
32. Han SJ, Chen R, Paronetto MP, Conti M. Wee1B is an oocyte-speciﬁc kinase
involved in the control of meiotic arrest in the mouse. Curr Biol 2005;15:
1670–6.
33. OhJS, Susor A, ContiM.Protein tyrosinekinase Wee1Bis essential for meta-
phase II exit in mouse oocytes. Science 2011;332:462–5.
34. Avo Santos M, van De Werken C, De Vries M, Jahr H, Vromans MJ,
Laven JS, et al. A role for Aurora C in the chromosomal passenger complex
during human preimplantation embryo development. Hum Reprod 2011;
26:1868–81.
35. Levi M, Ghetler Y, Shulman A, Shalgi R. Morphological and molecular
markers are correlated with maturation-competence of human oocytes.
Hum Reprod 2013;28:2482–9.
36. Adhikari D, Zheng W, Shen Y, Gorre N, Ning Y, Halet G, et al. Cdk1, but not
Cdk2, is the sole Cdk that is essential and sufﬁcient to drive resumption of
meiosis in mouse oocytes. Hum Mol Genet 2012;21:2476–84.
37. Verlhac MH, Kubiak JZ, Weber M, Geraud G, Colledge WH, Evans MJ, et al.
Mos is required for MAP kinase activation and is involved in microtubule or-
ganization during meiotic maturation in the mouse. Development 1996;
122:815–22.
38. Bachvarova R, De Leon V, Johnson A, Kaplan G, Paynton BV. Changes in to-
talRNA,polyadenylated RNA, andactinmRNA during meiotic maturation of
mouse oocytes. Dev Biol 1985;108:325–31.
39. Wells D, Patrizio P. Gene expression proﬁling of human oocytes at different
maturational stages and after in vitro maturation. Am J Obstet Gynecol
2008;198:455–9.
40. Steuerwald NM, Bermudez MG, Wells D, Munn  e S, Cohen J. Maternal age-
related differential global expression proﬁles observed in human oocytes.
Reprod Biomed Online 2007;14:700–8.
41. Pan H, Ma P, Zhu W, Schultz RM. Age-associated increase in aneuploidy
and changes in gene expression in mouse eggs. Dev Biol 2008;316:
397–407.
42. Battaglia D, Goodwin P, Klein N, Soules M. Inﬂuence of maternal age on
meiotic spindle assembly in oocytes from naturally cycling women. Hum Re-
prod 1996;11:2217–22.
43. Volarcik K, Sheean L, Goldfarb J, Woods L, Abdul-Karim F, Hunt P. The
meiotic competence of in-vitro matured human oocytes is inﬂuenced by
donor age: evidence that folliculogenesis is compromised in the reproduc-
tively aged ovary. Hum Reprod 1998;13:154–60.
44. Homer H. Ageing, aneuploidy and meiosis: eggs in a race against time. In:
Hillard T, editor. The yearbook of obstetrics and gynaecology, Vol. 12. Lon-
don: RCOG Press; 2007:139–58.
45. Solc P, Schultz RM, Motlik J. Prophase I arrest and progression to metaphase
I in mouse oocytes: comparison of resumption of meiosis and recovery from
G2-arrest in somatic cells. Mol Hum Reprod 2010;16:654–64.
46. DiLuigi A, Weitzman VN, Pace MC, Siano LJ, Maier D, Mehlmann LM.
Meiotic arrest in human oocytes is maintained by a Gs signaling pathway.
Biol Reprod 2008;78:667–72.
VOL. 101 NO. 3 / MARCH 2014 863
Fertility and Sterility®47. ChiangT,SchultzRM,LampsonMA.Meiotic origins ofmaternalage-related
aneuploidy. Biol Reprod 2012;86:1–7.
48. Duncan FE, Hornick JE, Lampson MA, Schultz RM, Shea LD, Woodruff TK.
Chromosome cohesion decreases in human eggs with advanced maternal
age. Aging Cell 2012;11:1121–4.
49. Akiyama T, Nagata M, Aoki F. Inadequate histone deacetylation during
oocyte meiosis causes aneuploidy and embryo death in mice. Proc Natl
Acad Sci U S A 2006;103:7339–44.
50. van den Berg IM, Eleveld C, van der Hoeven M, Birnie E, Steegers EA,
GaljaardRJ,etal.Defective deacetylation ofhistone4K12inhumanoocytes
is associated with advanced maternal age and chromosome misalignment.
Hum Reprod 2011;26:1181–90.
51. Titus S, Li F, Stobezki R, Akula K, Unsal E, Jeong K, et al. Impairment of
BRCA1-related DNA double-strand break repair leads to ovarian aging in
mice and humans. Sci Transl Med 2013;5:172ra21.
52. Guglielmino MR, Santonocito M, Vento M, Ragusa M, Barbagallo D, Borzi P,
et al. TAp73 is downregulated in oocytes from women of advanced repro-
ductive age. Cell Cycle 2011;10:3253–6.
53. TomasiniR, TsuchiharaK,Wilhelm M,Fujitani M,RuﬁniA,Cheung CC,etal.
TAp73 knockout shows genomic instability with infertility and tumor sup-
pressor functions. Genes Dev 2008;22:2677–91.
54. Tomasini R, Tsuchihara K, Tsuda C, Lau SK, Wilhelm M, Rufﬁni A, et al.
TAp73 regulates the spindle assembly checkpoint by modulating BubR1
activity. Proc Natl Acad Sci U S A 2009;106:797–802.
864 VOL. 101 NO. 3 / MARCH 2014
ORIGINAL ARTICLE: REPRODUCTIVE SCIENCE